Featured Application: Magnetite nanoparticles with controllable sizes and spatial structures are promising to be applied in magnetic fluid, high performance batteries, magnetic targeting and imaging, and drug delivery systems related biomedical field.
Introduction
Since nanotechnology have been rapidly developed in recent decades, nanomaterials with high performances attract a lot of attentions in various applications. Recently, hollow nanoparticles (NPs) are synthesized successfully for practical application, such as catalysis, lithium ion battery and biomedicine because the large surface area and hollow/porous structures are facilitated to loading more drugs or increasing more active reaction sites. Especially, the hollow magnetic (Fe 3 O 4 ) NPs show more potentiality in multi-functional application, including fundamental size-dependent magnetism/optoelectronics and targeted drug delivery application due to their low toxicity [1] [2] [3] [4] [5] .
Various methods, including hard template method [6] [7] [8] , soft template method [9] , free template method [10, 11] and sacrificial template method [12] [13] [14] [15] are employed for synthesis of hollow iron A certain amount of FeCl 3 ·6H 2 O was dissolved in 40 mL of EG to form a clear solution, followed by adding a certain amount of anhydrous NaAc (The specific parameters were presented in Table 1 .) The mixture was vigorously mixed by ultrasonication for formation of a homogeneous solution. Then, the solution was transferred into a Teflon-lined stainless steel autoclave (100 mL capacity) for hydrothermal treatment at 200 • C for 5-20 h. After the autoclave was allowed to cool down to room temperature, the precipitate was collected by magnetic separation and washed by water and ethanol for several times under sonication. Finally, the products are dried under vacuum at room temperature. 
Result and Discussion
The influences of reaction time, molar ratio of FeCl 3 ·6H 2 O and anhydrous NaAc on the sizes, morphologies, crystal structures and magnetic properties of these hollow or mesoporous Fe 3 O 4 NPs are carefully investigated by SEM, TEM, XRD and VSM techniques. Table 1 ). Firstly, the SEM images of as-synthesized Fe 3 O 4 NPs are presented in Figure 1 . As shown in the SEM images, the mean particle size of Fe 3 O 4 NPs (S1) are smaller than 100 nm when 0.4 mmol of FeCl 3 ·6H 2 O was added ( Figure 1A) . The mean particle size of Fe 3 O 4 NPs (S2) is increasing to 200 nm when the amount of FeCl 3 ·6H 2 O is 5 mmol. (Figure 1B) , and the dispersity is better than these NPs in Figure 1A . As shown in Figure 1C , nearly monodispersed Fe 3 O 4 NPs (S3) with mean particle sizes between 100 and 200 nm are obtained when the FeCl 3 ·6H 2 O increase to 10 mmol. The SEM images in Figure 1D The TEM images and corresponding particle size distribution of the as-prepared Fe3O4 NPs are presented in Figure 2 . The S1 showed spherical morphology with average particle size of 101 nm (Figure 2A,E) . But the size distribution is wide, and the hollow structure is not obvious. After increasing the amount of FeCl3·6H2O to 5 mmol, the hollow structure of as-obtained Fe3O4 NPs (S2) is more apparent, and the mean particle size is 222 nm (Figure 2B,F) . The average particles size of S3 is 116 nm, and the internal mesoporous structure could be observed in Figure 2C ,G. Moreover, with the increasing of FeCl3·6H2O, the flower-like Fe3O4 NPs without hollow and mesoporous structure are presented in Figure 2D ,H. These results indicated that the morphology could be influenced by the amount of FeCl3·6H2O greatly.
A B D C The TEM images and corresponding particle size distribution of the as-prepared Fe 3 O 4 NPs are presented in Figure 2 . The S1 showed spherical morphology with average particle size of 101 nm (Figure 2A,E) . But the size distribution is wide, and the hollow structure is not obvious. After increasing the amount of FeCl 3 ·6H 2 O to 5 mmol, the hollow structure of as-obtained Fe 3 O 4 NPs (S2) is more apparent, and the mean particle size is 222 nm (Figure 2B,F) . The average particles size of S3 is 116 nm, and the internal mesoporous structure could be observed in Figure 2C ,G. Moreover, with the increasing of FeCl 3 ·6H 2 O, the flower-like Fe 3 O 4 NPs without hollow and mesoporous structure are presented in Figure 2D ,H. These results indicated that the morphology could be influenced by the amount of FeCl 3 ·6H 2 O greatly.
Moreover, the XRD patterns of these Fe 3 O 4 (S1-S4) are shown in Figure 3 . The XRD is conducted to confirm the crystal structure and composition of these samples. As shown in Figure 3 , the peaks at 2θ = 25. (Figure 2A,E) . But the size distribution is wide, and the hollow structure is not obvious. After increasing the amount of FeCl3·6H2O to 5 mmol, the hollow structure of as-obtained Fe3O4 NPs (S2) is more apparent, and the mean particle size is 222 nm (Figure 2B,F) . The average particles size of S3 is 116 nm, and the internal mesoporous structure could be observed in Figure 2C ,G. Moreover, with the increasing of FeCl3·6H2O, the flower-like Fe3O4 NPs without hollow and mesoporous structure are presented in Figure 2D ,H. These results indicated that the morphology could be influenced by the amount of FeCl3·6H2O greatly. Moreover, the XRD patterns of these Fe3O4 (S1-S4) are shown in Figure 3 . The XRD is conducted to confirm the crystal structure and composition of these samples. As shown in Figure 3 , the peaks at 2θ = 25.7°, 30.4°, 35.7°, 43.2°, 57.3° and 62.8° are evidently observed in these curves, and these peaks could index to the crystal planes of (111), (220), (311), (400), (511) and (440) of Fe3O4 (JCPDS PDF: 01-1111, α = 8.393 Å ), respectively. There are no other impurity peaks in these curves, it indicates that the as-prepared Fe3O4 NPs possess inverse spinel phase. Meanwhile, the intensities of S1-S4 is increasing gradually. It indicates that the FeCl3·6H2O could influence the crystal performance of asprepared Fe3O4 NPs.
Finally, the magnetic performances of as-obtained Fe3O4 NPs are investigated by VSM. The magnetization curves of the Fe3O4 NPs are shown in Figure 4A Figure 3C shows the photographs of the suspension of Fe3O4 NPs with an external magnet application. The Fe3O4 NPs can be easily dispersed in ethyl alcohol solution to form a black suspension, and it could also be drawn from the solution to the sidewall of the vial by an external magnetic field. The aggregate NPs could further re-dispersed in solution by removing the external field and slightly shaking. 
Morphology, Crystal Structure, and Magnetic Property of Fe3O4 NPs with Different Amount of NaAc
The amount of anhydrous NaAc could be the another factor to influence the morphologies and performances of Fe3O4 NPs. Five experimental groups with different anhydrous NaAc adding (5 mmol (S5), 10 mmol (S6), 20 mmol (S7), 40 mmol (S8), 60 mmol (S9)) are carried out for discussion the effect. Other synthetic conditions in each of these experiments are kept the same as those in the typical experiment, and the specific parameters are presented in Table 1 . In the first place, the SEM images of S5-S9 are presented in Figure 5 . As shown in these SEM images, the floccule is observed when 5 mmol NaAc is added. It indicates that these Fe3O4 are presented with smaller particle sizes. With increasing the NaAc to 10 mmol, the particle sizes of the Fe3O4 samples are increased obviously with better dispersity, which is observed in Figure 5B . Moreover, nearly monodispersed Fe3O4 NPs with particle sizes between 100 and 200 nm are obtained when the NaAc is increased to 20 mmol ( Figure 5C ). While the particle sizes of S8 and S9 become larger than S5-S7. These as-prepared Fe3O4 NPs show better dispersity and homogeneity. Additionally, these samples are further characterized by TEM, and these TEM images and the corresponding particle size distribution of the as-prepared Fe3O4 particles are presented in Figure 6 . The homogeneity of S5 is very poor when 5 mmol of anhydrous NaAc was added, and the mean particle size of these Fe3O4 NPs (S5) is 85 nm with various morphologies (Figure 6A,F) . After 10 mmol of anhydrous NaAc adding, the Fe3O4 (S6) NPs in Figure 6B ,G show the unconspicuous hollow structures with uniform size distribution. The average particle size is 122 nm. When increasing the NaAc to 20 mmol, the flower-like Fe3O4 NPs (S7) with average particle size of 103 nm are presented 
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Additionally, these samples are further characterized by TEM, and these TEM images and the corresponding particle size distribution of the as-prepared Fe 3 O 4 particles are presented in Figure 6 . The homogeneity of S5 is very poor when 5 mmol of anhydrous NaAc was added, and the mean particle size of these Fe 3 O 4 NPs (S5) is 85 nm with various morphologies (Figure 6A,F) . After 10 mmol of anhydrous NaAc adding, the Fe 3 O 4 (S6) NPs in Figure 6B ,G show the unconspicuous hollow structures with uniform size distribution. The average particle size is 122 nm. When increasing the NaAc to 20 mmol, the flower-like Fe 3 O 4 NPs (S7) with average particle size of 103 nm are presented in Figure 6C ,H. The mesoporous structure of these Fe 3 O 4 NPs become more apparent. However, the evident hollow structures could be found with the increasing of anhydrous NaAc. The S8 show a better hollow structure in Figure 6D ,I with mean particle size of 222 nm, and their surface is smooth. S9 with mean particle size of 256 nm are presented in Figure 6E ,J had a similar internal structure. Figure 5C ). While the particle sizes of S8 and S9 become larger than S5-S7. These as-prepared Fe3O4 NPs show better dispersity and homogeneity. Additionally, these samples are further characterized by TEM, and these TEM images and the corresponding particle size distribution of the as-prepared Fe3O4 particles are presented in Figure 6 . The homogeneity of S5 is very poor when 5 mmol of anhydrous NaAc was added, and the mean particle size of these Fe3O4 NPs (S5) is 85 nm with various morphologies (Figure 6A,F) . After 10 mmol of anhydrous NaAc adding, the Fe3O4 (S6) NPs in Figure 6B ,G show the unconspicuous hollow structures with uniform size distribution. The average particle size is 122 nm. When increasing the NaAc to 20 mmol, the flower-like Fe3O4 NPs (S7) with average particle size of 103 nm are presented in Figure 6C ,H. The mesoporous structure of these Fe3O4 NPs become more apparent. However, the evident hollow structures could be found with the increasing of anhydrous NaAc. The S8 show a better hollow structure in Figure 6D ,I with mean particle size of 222 nm, and their surface is smooth. S9 with mean particle size of 256 nm are presented in Figure 6E ,J had a similar internal structure. Moreover, the XRD patterns of Fe3O4 NPs (S5-S9) with different amount of NaAc are shown in Figure 7 . The XRD is conducted to confirm the crystal structure and composition of the as-synthesized Fe3O4 NPs. As shown in Figure 7 , these peaks at 2θ = 25.7°, 30.4°, 357°, 43.2°, 57.3° and 62.8° could be evidently observed in all curves, which are corresponding to the crystal planes of (111), (220), (311), (400), (511), (440) in Fe3O4 (JCPDS No. 01-1111, α = 8.393 Å ) Only these peaks of Fe3O4 NPs are observed, it indicates that the Fe3O4 NPs show good crystallinity with inverse spinel phase. However, the diffraction peaks of S5 are significantly lower than other samples, indicating the lower crystallization property of S5. These results demonstrate that NaAc show a distinctly influence on the crystallinity of Fe3O4 NPs. S6 show the best crystallization property and smaller particle size, which is facilitated to magnetic targeting drug delivery. However, the diffraction peaks of S5 are significantly lower than other samples, indicating the lower crystallization property of S5. These results demonstrate that NaAc show a distinctly influence on the crystallinity of Fe 3 O 4 NPs. S6 show the best crystallization property and smaller particle size, which is facilitated to magnetic targeting drug delivery.
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evidently observed in all curves, which are corresponding to the crystal planes of (111), (220), (311), (400), (511), (440) in Fe3O4 (JCPDS No. 01-1111, α = 8.393 Å ) Only these peaks of Fe3O4 NPs are observed, it indicates that the Fe3O4 NPs show good crystallinity with inverse spinel phase. However, the diffraction peaks of S5 are significantly lower than other samples, indicating the lower crystallization property of S5. These results demonstrate that NaAc show a distinctly influence on the crystallinity of Fe3O4 NPs. S6 show the best crystallization property and smaller particle size, which is facilitated to magnetic targeting drug delivery. The magnetization curves of the Fe3O4 NPs (S6, S8 and S9) are shown in Figure 8 . The magnetic saturation Ms values of the obtained Fe3O4 NPs in Figure 8A Figure 8C shows the photographs of the suspension of Fe3O4 NPs (S6, S8 and S9) with an external magnet. The Fe3O4 NPs can be easily dispersed in ethyl alcohol solution to form a black suspension in 1 min, and it could also be drawn from the solution to the sidewall of the vial by an external magnetic field. The aggregate NPs could further re-dispersed in solution by removing the external field and slightly shaking. 
Morphology, Crystal Structure, and Magnetic Property of Fe3O4 NPs with Different Reaction Time
The reaction time during these hydrothermal routes is also considered. Six experimental groups under different reaction time (5, 6, 8, 10, 12 and 20 h) are carried out, and these sample are named as S10-S15 respectively. Other synthetic conditions in each of these experimental groups are kept the same as those in the typical experiment, and the specific parameters are presented in Table 1 . The 
Morphology, Crystal Structure, and Magnetic Property of Fe 3 O 4 NPs with Different Reaction Time
The reaction time during these hydrothermal routes is also considered. Six experimental groups under different reaction time (5, 6, 8, 10, 12 and 20 h) are carried out, and these sample are named as S10-S15 respectively. Other synthetic conditions in each of these experimental groups are kept the same as those in the typical experiment, and the specific parameters are presented in Table 1 . The mixture is transferred into a Teflon-lined stainless steel autoclave (100 mL capacity) for hydrothermal treatment at 200 • C. Firstly, the SEM images of S10-S15 are presented in Figure 9A -F, respectively. As shown in these images, with increasing the reaction time, the particle sizes of the Fe 3 O 4 samples are increased obviously with good dispersity. In addition, the TEM images and the corresponding size distribution of the as-prepared Fe 3 O 4 particles (S10-S15) are presented in Figure 10 . With the prolonging of reaction time, the particle sizes of these Fe 3 O 4 NPs (S10-S15) are increased gradually. As shown in the corresponding particle size distribution map, the average particle sizes of S10-S15 are 184 nm, 214 nm, 217 nm, 222 nm, 213 nm and 241 nm, respectively. The narrow particle size distribution Fe 3 O 4 NPs could also be observed. Moreover, the hollow structure of all these Fe 3 O 4 NPs could be observed clearly. However, with the prolonging of reaction time, as show in the magnified TEM images ( Figure 10G-L) , the hollow structure is increasingly apparent. These results indicate that the sizes and the hollow structures of as-obtained Fe 3 O 4 NPs are increased with the extension of reaction time, because the time-dependent Ostwald ripening process could form the Fe 3 O 4 NPs with controllable hollow/mesoporous structures.
The XRD patterns of Fe 3 O 4 NPs (S10-S15) with different reaction time are presented in Figure 11 . The XRD is conducted to confirm the crystal structure Fe 3 O 4 NPs. As shown in Figure 11 , these curves show the characteristic peaks of Fe 3 O 4 NPs, and only these peaks of Fe 3 O 4 NPs are observed, it indicates that the Fe 3 O 4 NPs show good crystallinity with inverse spinel phase. Moreover, the intensities of the peaks in all these curves are almost the same. It indicated that the crystal structure could not influence by the reaction time effectively. Figure 9 . SEM images of Fe3O4 with different reaction time, (A) 5 h, (B) 6 h, (C) 8 h, (D) 10 h, (E) 12 h, (F) 20 h. The XRD patterns of Fe3O4 NPs (S10-S15) with different reaction time are presented in Figure 11 . The XRD is conducted to confirm the crystal structure Fe3O4 NPs. As shown in Figure 11 , these curves show the characteristic peaks of Fe3O4 NPs, and only these peaks of Fe3O4 NPs are observed, it indicates that the Fe3O4 NPs show good crystallinity with inverse spinel phase. Moreover, the intensities of the peaks in all these curves are almost the same. It indicated that the crystal structure could not influence by the reaction time effectively. The magnetic property of these Fe3O4 NPs (S10-S15) are also investigated by VSM technique. The specific results are shown in Figure 12 . The magnetic saturation Ms values of these as-obtained Fe3O4 NPs in Figure 12A (a: 5 h (S10), b: 10 h (S13), c: 20 h (S15)) are 71.42, 62.5 and 57.78 emu·g −1 , respectively. All of the Hc values in Figure 4B are less than 100 Oe (A/m), this result indicate that these NPs are soft magnetic materials. Obviously, the obtained Fe3O4 NPs exhibit the gradually decreased Ms values with the prolonging reaction time. Figure 12C shows the photographs of the suspension of S10, S13 and S15 with an external magnet. These Fe3O4 NPs could also be easy to aggregate and re-disperse in ethyl alcohol solution. The magnetic property of these Fe 3 O 4 NPs (S10-S15) are also investigated by VSM technique. The specific results are shown in Figure 12 Figure 12C shows the photographs of the suspension of S10, S13 and S15 with an external magnet. These Fe 3 O 4 NPs could also be easy to aggregate and re-disperse in ethyl alcohol solution. 12 h; F: 20 h.
The magnetic property of these Fe3O4 NPs (S10-S15) are also investigated by VSM technique. The specific results are shown in Figure 12 . The magnetic saturation Ms values of these as-obtained Fe3O4 NPs in Figure 12A (a: 5 h (S10), b: 10 h (S13), c: 20 h (S15)) are 71.42, 62.5 and 57.78 emu·g −1 , respectively. All of the Hc values in Figure 4B are less than 100 Oe (A/m), this result indicate that these NPs are soft magnetic materials. Obviously, the obtained Fe3O4 NPs exhibit the gradually decreased Ms values with the prolonging reaction time. Figure 12C shows the photographs of the suspension of S10, S13 and S15 with an external magnet. These Fe3O4 NPs could also be easy to aggregate and re-disperse in ethyl alcohol solution. 
Formation Mechanism of Fe 3 O 4 NPs
These hollow/mesoporous Fe 3 O 4 nanostructures are synthesized by solvothermal method. In the synthetic process, it is usually proposed that the EG acts both as a high-boiling-point solvent and a reducing agent, and sodium acetate provides as a structure-directive agent. Specifically, EG as a reducing agent is oxidized under heating to generate glycolaldehyde, as shown in formula (1). Then, glycolaldehyde can reduce Fe 3+ to Fe 2+ , and the glyoxal is generated, as shown in formula (2) . Moreover, with the increasing of temperature gradually, the Fe[Ac] 3 and Fe[Ac] 2 are formed by the reaction of Ac − and Fe 3+ (Fe 2+ ), such as the formulas (3) and (4) . As the temperature rising, the Fe(OH) 3 and Fe(OH) 2 are formed by the hydrolytic and alcoholysis process of Fe[Ac] 3 and Fe[Ac] 2 . These processes are shown in formulas (5)- (8) . Finally, the followed Fe 3 O 4 primary NPs are generated via dehydration of these hydrolytic products.
Afterwards, in order to reducing the surface energy, these Fe 3 O 4 primary particles could aggregate with magnetic dipole alignment by oriented attachment mechanis [26] . The schematic diagram is presented in Figure 13 . However, the formation of the hollow structures without using any templates in this formation process need be further understood. As the reaction goes on, the formation mechanism of these hollow Fe 3 O 4 NPs can further explained by Ostwald ripening mechanism. The inner primary particles could be dissolved and transformed into outer shell. In other words, reducing the overall surface energy provides the driving force for inner particles ripening. As a result, the large-scale synthesis of Fe 3 O 4 nanospheres with hollow structures are formed finally.
Moreover, during the formation mechanism of these Fe 3 O 4 NPs, the Ostwald ripening mechanism play an important role in formation of hollow structure. However, the influence of anhydrous NaAc to the performance of Fe 3 O 4 NPs could also be taken into account. As shown in Table 1 , the final Fe 3 O 4 NPs with mesoporous structure or amorphous structure are preferred to form, when the ratio of FeCl 3 ·6H 2 O and anhydrous NaAc is greater than 1:8. It means that the less anhydrous NaAc is facilitated to form the mesoporous structure. With the increasing of anhydrous NaAc, the Fe 3 O 4 NPs with hollow structure are easily formed. In these reactions, we infer that all these Fe 3+ are participated into the reaction, about 1/3 of Fe 3+ could be reduced into Fe 2+ . Theoretically, the three times amount of Ac − could coordinate with Fe 3+ , and two times amount of Ac − could coordinate with Fe 2+ . Thus, the theoretical amount of Ac − could be obtained in Table 2 . As shown in Table 2 , the hollow structures are preferred to form, when the practical amount of Ac − is at least two times great than the theoretical amount. The NaAc is added and served not only as an electrostatic stabilization agent to prevent particle agglomeration, but also as an alkaline reagent for providing the alkaline reaction environment, which helps the EG to reduce the Fe 3+ into Fe 2+ .
When the practical amount of Ac − is two times less than the theoretical amount, the insufficient Ac − is difficult to maintain the stability of this reaction system [27] . Therefore, the as-obtained Fe 3 O 4 primary particles are easy to agglomerate rapidly with each other, under the Ostwald ripening mechanism, the Fe 3 O 4 NPs with mesoporous structure are easily obtained ( Figure 13 , step C, and E). However, when the practical amount of Ac − is two times great than theoretical amount, the aggregated speed of these Fe 3 O 4 primary particles is relatively lower, under the Ostwald ripening process, the Fe 3 O 4 NPs with hollow structure could be formed gradually ( Figure 13, Step D and F.). It is considered that the anhydrous NaAc is an associated structure-directing agent, it assists the formation of hollow and mesoporous structure with Ostwald ripening process. Thus, the Fe 3 O 4 NPs with controllable morphology, size and magnetic performance could be obtained by adjusting these synthetic condition [28, 29] . 
Conclusions
In summary, the one-pot solvothermal route is applied to prepare Fe3O4 NPs with hollow and mesoporous structure. The different ratio of FeCl3·6H2O and anhydrous NaAc show the great influence on the morphology, size, hollow structure and magnetic property of as-obtained Fe3O4 NPs. Moreover, with the prolonging the reaction time, the particle size become larger, and the hollow 
In summary, the one-pot solvothermal route is applied to prepare Fe 3 O 4 NPs with hollow and mesoporous structure. The different ratio of FeCl 3 ·6H 2 O and anhydrous NaAc show the great influence on the morphology, size, hollow structure and magnetic property of as-obtained Fe 3 O 4 NPs. Moreover, with the prolonging the reaction time, the particle size become larger, and the hollow structure is getting evident gradually. The final Fe 3 O 4 NPs with obvious hollow structure, relatively smaller diameter (<200 nm) and satisfied magnetic performance are produced. The formation mechanism of these hollow or mesoporous structures is proposal as the NaAc assisted Ostwald ripening mechanism. This controllable method for synthesis of Fe 3 O 4 NPs could provide an excellent example for preparation of other magnetic nanomaterials. Moreover, the hollow Fe 3 O 4 NPs with well-defined structure and magnetic property show a good prospect in drug targeted delivery application.
